Wood dust is recognised as a human carcinogen, based on the strong association of wood dust exposure and the elevated risk of malignant tumours of the nasal cavity and paranasal sinuses [sino-nasal cancer (SNC)]. The study aimed to assess genetic damage in workers exposed to wood dust using biomarkers in both buccal and nasal cells that reflect genome instability events, cellular proliferation and cell death frequencies. Nasal and buccal epithelial cells were collected from 31 parquet layers, installers, carpenters and furniture workers (exposed group) and 19 non-exposed workers located in Switzerland. Micronucleus (MN) frequencies were scored in nasal and buccal cells collected among woodworkers. Other nuclear anomalies in buccal cells were measured through the use of the buccal micronucleus cytome assay. MN frequencies in nasal and buccal cells were significantly higher in the exposed group compared to the non-exposed group; odds ratio for nasal cells 3.1 [95% confidence interval (CI) 1.8-5.1] and buccal cells 1.8 (95% CI 1.3-2.4). The exposed group had higher frequencies of cells with nuclear buds, karyorrhectic, pyknotic, karyolytic cells and a decrease in the frequency of basal, binucleated and condensed cells compared to the non-exposed group. Our study confirms that woodworkers have an elevated risk for chromosomal instability in cells of the aerodigestive tract. The MN assay in nasal cells may become a relevant biomonitoring tool in the future for early detection of SNC risk. Future studies should seek to standardise the protocol for MN frequency in nasal cells similar to that for MN in buccal cells.
Introduction
Occupational exposure to wood dust has been estimated to affect 3.6 million workers within the European Union (1) and 80 000 workers in Switzerland. Several epidemiological studies have revealed that exposure to wood dust has been associated with malignant tumours of the nasal cavity and paranasal sinuses: sino-nasal cancer (SNC). Wood dust exposure is therefore considered an important aetiological factor for SNC and is thought to increase the risk for this occupational disease (2) .
The first association between SNC and wood dust exposure was reported in the 1960s in the furniture industry (3) , where woodworkers had a 500-fold increased risk of SNC compared to the general population. This association has subsequently been confirmed in later studies (4) (5) (6) (7) . Exposure-response was observed in a pooled analysis of 12 case-control studies (8) where the odds ratio (OR) for SNC among woodworkers was 3.1 following moderate exposure (<1 mg/m 3 ) and 45.5 after high exposures (>5 mg/m 3 ). Increased SNC risk for male woodworkers was observed with duration of occupational exposure to wood dust (8) . Woodworkers were mainly furniture and cabinet makers, carpenters and factory joiners. Only furniture makers have been studied separately and found to have an incidence rate for SNC of 0.5/1000 per year (9) . The International Agency for Research on Cancer has classified wood dust as carcinogenic to humans based on the strong associations between SNC and wood dust exposures identified in several epidemiological studies (Group 1) (10) . Wood dust particles generated during woodworking operations are composed mainly of largest particles (>10 µm) (11) (12) (13) . Largest wood particles are known to deposit in the sino-nasal region, making the nose the target organ (14) .
Development of genotoxicity effect biomarkers is therefore an important approach in the early detection of cancer. Genotoxicity assays such as the cytokinesis block micronucleus (MN) assay in peripheral blood lymphocytes (PBLs) or the buccal micronucleus cytome (BMCyt) assay in exfoliated buccal cells, chromosomal aberration (CA), comet assay and sister chromatid exchanges (SCEs) can be used in evaluating genome instability events following exposure to genotoxic agents (15) . Several studies have observed significant genotoxic effects from wood dust exposure among woodworkers using the comet assay (16, 17) , MN in both exfoliated buccals cells (18) and in PBL (19) , CA (20) and SCEs (21) .
The MN assay is a reliable, robust and widely recognised method for assessing chromosome damage due to genetic instability or exposure to genotoxic agents (22) . Micronuclei (MNi) are biomarkers of whole chromosome loss and/or breakage that originate from chromosome fragments or whole chromosomes that lag behind at anaphase during nuclear division. MN in PBL has been shown to be a predictive biomarker of increased cancer risk (23) . A standardised experimental protocol to determine the MN frequency in PBL has been established (24) .
Buccal mucosa and/or nasal epithelial layer could be used as a suitable model to monitor early genotoxic events as a result of potential carcinogens entering the body via ingestion or inhalation as up to 90% of all cancers appear to be epithelial in origin (25) (26) (27) . The protocol for BMCyt for determining MN in buccal cells has also recently been published (28 The development of a MN assay in nasal cells is a promising approach in detecting DNA damage from genotoxic compounds found in ambient air affecting individuals of occupational exposure (29) . At present, no standardised experimental protocol for MN in nasal cells exists. Considering the target cells and genetic end point, the MN assay in nasal cells is therefore pertinent in assessing genotoxic effects after occupational exposure to wood dust.
The aims of this study was to (i) assess the genotoxic effects from wood dust exposure among woodworkers using the MN assay in target cells (nasal and buccal) and (ii) determine if an increase in the MN frequency is associated with (a) per day inhalable wood dust exposure at work and (b) duration of exposure. In addition, the BMCyt assay was applied in order to determine the effects of wood dust exposure on both cellular proliferation and cell death.
Materials and methods

Subjects
Thirty-one male construction (parquet layers, installers and carpenters) and furniture workers occupationally exposed to wood dust for at least the past 5 years were recruited in Switzerland. This exposure group had been exposed to wood dust mainly from fir, spruce, beech, oak and wooden boards [which may contain glue, formaldehyde (FA) and other chemicals] such as Medium Density Fibreboard (MDF) and wood melamine. To assess duration of exposure effect, we chose 20 years of exposure to have the same number of workers in each group. The non-exposed group consisted of 19 male pantry chefs and computer engineers. All participants were non-smokers or former smokers (minimum 1 year), and occasional alcohol consumers (1-2 glass/week). Participants were asked to complete a questionnaire including demographic and lifestyle data (smoking, alcohol intake, dietary), as well as medical status (taking medication: yes/no) and occupational exposure (work history). Respirators were not normally worn during work. Informed consent was obtained from all participants. This study was approved by the Ethics Committee, Faculty of Biology and Medicine University of Lausanne (September 2010). Nasal and buccal cells samples were collected between October 2010 and January 2012. Demographic characteristics of exposed woodworkers and non-exposed workers are presented in Table I .
Inhalable wood dust exposure assessment
Inhalable dust was determined for two 8-h consecutive work shifts for all workers. A personal sampler [37-mm closed-face cassettes equipped with glass fibre filters (GF/B, Ø37 mm, Whatman) and operated with a flow rate of 2 l/min] was used to sample inhalable wood dust, and concentrations were determined by gravimetric analysis.
Duration of exposure to wood dust was determined by summing the time spent in jobs with occupational wood dust exposure as recorded in the work histories obtained from the question: in your jobs (current and past asked in separate questions), were you exposed to wood dust? If this answer was 'yes', then the worker was asked to indicate the type of job (e.g. parquet layer, installer, carpenter and furniture worker).
Nasal and buccal MN assays
The nasal and buccal cells were prepared and scored in the same manner as described in the protocol for the BMCyt (28) except the homogenising and filtering steps were not necessary for nasal cells. Nasal cells were collected by inserting a cytobrush with 7 mm diameter (Deltalab, 440150, Spain) into the inner turbinates of one nostril. The brush was gently rotated 10 times before suspending the cells in buffer. The process was repeated with a second cytobrush sampling the other nostril and combined with the first. Buccals cells were collected after the subjects had rinsed their mouths, by rotating the cytobrush on the inner cheeks of the subjects' mouth. Cells were then suspended in 10 ml of buccal cell buffer [EDTA tetra sodium salt (Sigma, cat. no. E5391), tris-(hydroxymethyl)-aminomethane chlorhydrate (Merck, 1.08219.0100), NaCl (Merck, 1.06404.0500), ethanol (Merck, 8187601000)], washed with buccal cell buffer (3×) using a centrifuge with 1500 r.p.m. for 10 min (Eppendorf centrifuge, 5810R), separated mechanically using tissue homogeniser, filtered through a nylon filter of 180 µm (Millipore, NY8H02500), transferred onto microscope slides (three for each subject) (Merck, 631-1550) using a pipette and left to air dry for 10 min. The cells were fixed in ethanol/glacial acetic acid (3:1) for 10 min (Merck, 1000562500) and stained with Feulgen plus light green [DNA staining kit according to Feulgen (Merck, 1079070001), light green (Merck, 1.15941.0025)]. The advantage of this method was to reduce false positives as the stain is DNA specific. For the first 10 subjects, a fine cytobrush (Olympus, BC-202D-5010, Ø5 mm) was used to collect nasal cells. After washing step, only 500 single nasal cells were collected and scored, nonagglomerated cells were scored. However, for all other subject, a larger cytobrusch (Deltalab, 440150, Spain, Ø7 mm) was used to increase the number of nasal cells collected to 1000 single nasal cells and these were then scored. The frequency of cells with MN per 1000 cells (‰) was determined. Cells with >1 MN were counted as 1 micronucleated cell. Images of nasal cell containing MN within cytoplasm viewed by transmitted light and under fluorescence with a red filter are shown in Figure 1 . For the BMCyt assay, micronucleated buccal cells were scored in 2000 cells. Cells with NBs (also referred to as 'broken egg'), differentiated, basal, BN cells, CC, KHC, PYK and KYL cells were scored in 1000 buccal cells according to the previously described criteria by Thomas et al. (28) . The frequency of these biomarkers per 1000 cells (‰) was calculated. Three scorers examined slides at ×1000 magnification using both bright field and fluorescence microscope (Olympus IX81 Microscope). They were blinded to the subjects' exposure status.
Statistical analysis
Data analyses were performed using STATA software (StataCorp, College Station, TX, USA). The MN frequency in nasal cells was analysed using multiple grouped logistic regressions, which take into account the number of cells counted (for 10 subjects only 500 nasal cells were counted). Thus, a subject with two observed micronuclei among 1000 would contribute as much information as two subjects each with one MN out of 500 cells. However, all statistical analyses were duplicated using only subjects with 1000 counted cells. The results were expressed as ORs and 95% confidence intervals (CIs) per independent variables considered: exposure (yes/no) duration of exposure, age and former smoking (yes/no). The OR is estimated by exponentiation of the beta parameter. The OR can be interpreted as the ratio of the probability of each cell to show a MN if the cell belongs to an exposed subject and the same probability if the cell belongs to an unexposed subject. For duration and age, the OR is the same ratio per unit (decade) of these variables. Goodness-of-fit was assessed by computing the mean deviance, which checks for overdispersion; a mean deviance of ~1 indicates the absence of overdispersion and a good fit of the model.
Results
Overall the exposed and non-exposed groups had similar characteristics in terms of age, body mass index and percentage of former smokers (Table I ). The mean duration of wood dust exposure in the exposed group was 20 years. The geometric mean dust concentrations were 2.9 mg/m 3 and geometric standard deviation was 2.5. Personal inhalable wood concentration exceeds the present Swiss occupational exposure limit (2 mg/m 3 ) (30) by 50%. The MN frequency in the nasal cells in exposed workers ranged from 0 to 8‰ (mean 3.2) and in non-exposed workers the range was 0-3‰. The MN frequency in nasal cells was significantly higher in the exposed group compared to the nonexposed group (3.2 ± 2.2 vs. 0.9 ± 0.8, respectively) (Table II) with an OR for nasal cells 3.1 (95% CI 1.8-5.1). Similarly, the buccal MN frequency ranged from 0.5 to 7‰ cells for the exposed workers compared to 0.5-4‰ for the non-exposed workers. The MN frequency in buccal cells was significantly higher in the exposed compared to the non-exposed group (2.8 ± 1.5 vs. 1.6 ± 0.8, respectively) (Table II) with an OR for buccal cells 1.8 (95% CI 1.3-2.4). The overall results were similar for MN frequency in both cell types (nasal and buccal); MN frequency increased with the duration of wood dust exposure, but no dose-response relationship with wood dust work exposure (per day) and MN frequency was found. The results for nasal cells did not change to any extent after excluding subjects for which only 500 cells were counted. The Table III . Significantly higher frequency for KHC, PYK and KYL cells was observed for exposed workers compared to the non-exposed workers. Basal, condensed and BN cell frequencies were significantly lower frequency among exposed compared to non-exposed workers. The NB frequency was slightly higher in the exposed compared to the non-exposed group; however, this difference was not statistically significant.
MN frequency in nasal cells (%) increased with duration of exposure to wood dust (Figure 2) . Results from the logistic analyses of MN frequency are presented in Table IV . With respect to nasal cells, the first model (M1) showed that the MN frequency is 3.1 times more frequent in the exposed group adjusted for age and former smoking. The second model (M2) showed that the difference between the exposed and non-exposed group was entirely due to a statistically significant effect of duration of exposure (OR = 1.6 per decade of exposure). When adjusted for duration, no significant difference between the exposure groups remained. This result was confirmed in the third model (M3), which showed that duration of exposure was not confounded by age, which had no significant effect when duration of exposure was accounted for. All three models showed a good fit to the data as the mean deviance was <1 and varied between 0.83 and 0.87. When analysing the MN frequency according to the per day measured work exposure, no significant effect could be observed (data not shown).
With respect to buccal cells, the results are much less clear compared to nasal cells: the first model (M1) showed that the frequency of MN is significant with an OR = 1.8 comparing the exposure groups adjusted for age and (former) smoking. The second model (M2) showed that the difference between exposed and non-exposed groups was due to a statistically significant effect of duration of exposure (OR = 1.2 per decade of exposure). When adjusted for duration, no significant difference between the exposure groups remained. This result for buccal cells was to some extent confirmed in the third model (M3), which showed that duration of exposure has significant effect on MN frequency when adjusted on age and smoking. However, none of the three models showed a good fit to the data as the mean deviance varied between 1.19 and 1.13, indicating that the observed variance exceeds the predicted one. When analysing the MN frequency according to the per day work exposure, no significant effect could be observed (data not shown). In summary, MN frequencies in nasal cells showed a more specific relation with duration of exposure (>ORs).
Discussion
The results of this study show that workers occupationally exposed to wood dust have statistically significantly higher MN frequency in both nasal and buccal cells. The results showed that genotoxic damage after chronic exposure to wood dust can be best assessed using the nasal MN assay; the MN frequency One control and one exposed subject were not scored for buccal cells due to a staining problem. *P < 0.001. N, number of subject. One control and one exposed subject were not scored for buccal cells due to a staining problem. *P < 0.001 compared with non-exposed group.
in nasal cells increased with duration of exposure even after adjusting for age. Moreover, we could not detect any doseresponse relationship with the per present day inhalable wood dust exposure. The genotoxic damage observed in woodworkers was related to duration of exposure, which confirms genotoxic effect after chronic wood dust exposure. Present day exposure does not necessarily indicate the mean concentration of wood dust exposure for past years of work. Between job (parquet layers, installers, carpenters and furniture workers) differences were not investigated in our pilot study but will be considered in future studies. A significant effect of wood dust exposure on the MN frequency in PBL was previously shown (21) . Although the wood types differed from our study, these authors found a significantly higher MN frequency (P < 0.001) among Indian wooden furniture makers compared to the control group. Although hardwoods are often considered more harmful than softwoods by regulatory agencies, current in vitro studies do not provide evidence for a clear-cut distinction between toxicities of hardwood and softwood dust (31); therefore, we do believe we can compare across studies with different types of wood exposures. In addition, not only pure wood is used but also MDF and in an in vitro genotoxicity test (DNA strand breaks using comet assay) MDF was the most DNA damaging dust compared to dust from beech, teak and pine. Complicating the exposure scenario is the use of multiple wood types simultaneously. Elavarasi et al. (21) also found a positive correlation between the number of years of exposure and MN frequency (Pearson's correlation coefficient, γ = 0.64). In a recent study among carpenters, the genotoxic effect of wood dust exposure was evaluated by assessing MNi in PBL and in buccal cells (17) . In this study, Rekhadevi et al. (17) observed a significant increase in MN frequency in both PBL and buccal cells (P < 0.05) after exposures to wood dust. They showed that duration of exposure in a carpentry workplace increased MN frequency in both cell types. Duration of exposures seems to be a measure for cumulative cell damage as observed in our study. Although today's exposure concentrations are not necessarily representative of past exposures, they do give an indication of the level of exposure and its variability.
Buccal epithelial cells have been suggested by Holland et al. (27) to represent a relevant target site for early genotoxic events induced by carcinogenic agents that enter the body by inhalation or ingestion. Celik and Kanik (18) investigated the MN frequency and nuclear changes (binucluated, KHC, KYL cells and cells with NBs) in buccal cells among woodworkers. This study observed statistically significant increases in the MN and NB frequency in the exposed group compared to the nonexposed group. They noticed that wood dust exposures induced cell death as shown by increases in both KYL and KHC cell frequency. KYL and KHC cells are associated with apoptosis (the process of programmed cells death). Tolbert et al. (32) suggested that apoptosis is a surveillance mechanism, which eliminates buccal epithelial cells with genetic damage. In our study, significant increases of both KYL and KHC cell frequency in the wood dust exposed group were also found. The frequency of nuclear anomalies such as cells with NB (which reflect gene amplification events) was observed to be slightly higher in woodworkers in this present study. It is suggestive that the frequencies of KR, KYL and NB can be used as an indicator of occupational exposures to wood dust and should be investigated in future studies by adopting a cytome approach.
In our study, we observed a significant decrease in the frequency of basal cells in woodworkers compared with the nonexposed. Basal cells are located in the stratum germinativum, which produce cells that differentiate and maintain the structural integrity of the buccal mucosa. A reduction in the basal cell frequency is indicative of a reduced proliferation rate, which may have important consequences on the cellular profile of the buccal mucosa. Aging has been shown to affect cellular renewal processes and decrease cellular regeneration (33) . A significant reduction in the basal cell frequency has also been shown in the buccal mucosa of Down syndrome patients, which are an example of a premature ageing cohort (34) . Even after adjusting for age in our analyses, we still observed a significant decrease in basal cells between exposed and non-exposed groups. In a previous study, the mean frequency of baseline control PYK cells was 3.2‰ for a control cohort of 18-to 26-year olds (28) . In the current study, the buccal PYK cell frequency was 22.0‰, one order of magnitude greater than previously reported, for a cohort of individuals ranging from 23 to 62 years. PYK cells are characterised by a shrunken nucleus comprising condensation of chromatin and is thought to be the initial stages of programmed cell death followed by nuclear fragmentation (35) . The reason as to why the PYK frequency was greater than expected is unclear but could potentially be related to population dependent environmental exposure or micronutrient deficiency resulting in higher than expected cytotoxic effects. In 2007, an international collaborative initiative on the MN frequency in Human Populations (HUMN XL ) was launched to investigate the effect of micronutrient status, lifestyle factors and disease status on cytome biomarkers originating from the buccal mucosa (36) . HUMN XL includes a database with buccal MN results obtained from 30 laboratories and proposes an interval of 0.3 and 1.7‰ as the expected range of spontaneous MN frequency in buccal exfoliated cells in healthy subjects. In this study, the frequency of MN in the non-exposed group was 1.6‰ and the exposed group had a frequency of 2.8‰, which exceeded the normal range.
The nasal cell is a more suitable indicator for airborne genotoxic agents than PBL since the first tissue to have contact with ambient air containing potential cytotoxic materials are the nasal cells (37) . A MN assay in nasal cells has previously been adopted to evaluate the genotoxic effects of FA exposure in several human biomonitoring studies (38) (39) (40) . In all of three studies, an increase in the MN frequency in nasal cells was reported for FA-exposed subjects (P < 0.05). In a review of FA exposure and MN frequency, Speit et al. (41) suggested that in theory, the nasal cell MN assay should be more sensitive than using the buccal cell MN assay due to the higher exposure of nasal epithelium during breathing and as the nasal mucosa are designed to trap particulate matter that may therefore accumulate in this tissue. To evaluate genotoxic effect among workers occupationally exposed to crystalline silica dust, MN in target (nasal) and in surrogate cells (PBL) were measured (42) . Workers exposed to crystalline silica dust had significantly higher MN frequencies in both PBL and nasal cells compared to the control group (2-fold and 3-fold increase, respectively). Our results suggest that the MN assay in nasal cells (target cells) is more sensitive in assessing genotoxic effect of airborne genotoxic agents when compared to buccal cells.
Nasal cells are mostly covered by nasal mucus, which can cause problems in accurate determination of MN frequency. Based on our experience, we suggest washing the cells with the buccal cell buffer before transferring them onto the microscope slides. Feulgen makes the DNA appear bright red when viewed under fluorescence with a far-red filter staining. This way, cells identified as containing MN or other anomalies on the bright field can be confirmed as being positive by examining the cells under fluorescence (28) . During cell scoring, only single cells should be evaluated because it is harder to score nuclear anomalies reliably in cell aggregates consequently resulting in false cytological information. Standardisation and validation of a MN assay in nasal cells would be advantageous for the interpretation and use in human biomonitoring studies to assess the genotoxic effects from occupational and environmental genotoxic agents. Assessing MN frequencies in nasal cells may prove to be a useful tool in evaluating early effects from exposure to genotoxic agents such as nickel, lead dust and chrome, which may cause SNC (43) . The results of this study show that the nasal cell MN frequency to be more sensitive than the buccal assay although the cytome approach provides invaluable information on cell proliferation, cytokinetic and cell death frequencies, which is not currently available in the nasal cell assay. The larger variation in buccal cells could be due to genotoxic exposures through dietary or beverage intake; however, buccal cell sampling is far less invasive for the participant compared to nasal cell sampling and remains the method of choice when nasal cells are not the target organ of the disease.
In conclusion, significantly higher genotoxic damage was observed among woodworkers occupationally exposed to wood dust compared to non-exposed workers as assessed by both MN frequencies in buccal and nasal cells. MN frequencies in nasal cells showed a more specific relation with the duration of exposure. Our study suggests that determining the MN frequencies in nasal cells is a more sensitive biomarker than MN assay than in buccal cells in assessing genotoxic effect of chronic wood dust exposure. The MN assay in nasal cells may become a relevant biomonitoring tool in the future for early detection of SNC risk. Evaluation of abnormalities cells such as cells with NBs, karyolysis and karyorrhexis cells can also be used successfully as additional indicators for the assessment of occupational wood dust exposure.
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